1.Introduction
Legged locomotion is an important behavior for creatures used in computer animation. Legged locomotion includes steady walking and running,
.and a variety of maneuvers such as jumping, skipping, pirouetting, changing gait, stair climbing, .and doing cartwheels, somersaults, and aerials.
Each of these maneuvers can occur in isolation, or be preceded and followed by walking, running, or other maneuvers. Animation of locomotion typically requires a great deal of skill on the part of the animator, especially if physically realistic motion is a goal.
We are exploring the use of control systems and physical models to aid the animation of legged locomotion and maneuvers.
We design a physical model for each creature consisting of rigid body mechanics, joint actuators, and ground contact model. The physical model ensures that all behavior is physically realistic, at least to the precision of the physics incorporated in the model. The control system coordinates the low-level motions of the joints in order to produce desired behavior as specified by the animator. Examples of desired behavior are to travel along a specified path, to change from one gait to another, or to do a gymnastic trick. Once a model is defined and the desired behavior is specified, the behavior of the model is found by numerically integrating its equations of motion while the control system monitors the state of the model and applies actuator control forces.
Control systems are attractive for animation because they can be used to encapsulate the knowledge and algorithms needed to produce a particular behavior, and they can perform the behavior automatically in a variety of contexts and situations.
Once control systems exist for a range of beha- The approach has also been tested for several cases of steady state running, which was described in .
Background
Control and physical modeling have been used in computer animation for about ten years. Wilhelms (1986 Wilhelms ( , 1987 implemented systems that allowed the user to select among several low-level control options, ranging from position control with springs and dampers to a mode that responded to gravitational forces with external forces to maintain ba Table  1 Comparison between behavior of real kangaroo and simulated kangaroo. The kangaroo data are from (Alexander and Vernon, 1975) lance. Joint limits and ground reaction forces were modeled with springs and dampers. One result of this work was the recognition that inverse dynamics is limited as a tool for computer graphics because it focuses on executing known motions rather than specifying motions that will accomplish the task. Bruderlin and Calvert (1989) In this paper we seek to automate locomotion and maneuvers, but not synthesis of the control system itself nor of the motion patterns used in producing the behavior. This topic has been pursued by Witkin and Kass (1988) Yeadon also showed that the time at which a twist inducing motion is made is more important to the outcome than the speed of the motion.
The methods used in this paper have their origins in previous work on robot control. We developed family of control systems for one-, two-, and four- after animal described in Alexander and Vernon (1975) . Except for the trunk, each link was modeled as the frustum of a cone, with pivots at the base and tip. The two legs of the real kangaroo were combined to yield one model leg. All dimensions were chosen to match the real kangaroo in link length and link mass, assuming the kangaroo had the density of water.
leg laboratory robots. Considered collectively, these robots ran at specified speeds, ran fast (21 km/h), ran with several gaits, changed gait during running, jumped, climbed a flight of 3 stairs, and performed rudimentary gymnastic maneuvers (Raibert 1986 , Raibert 1990 , Hodgins, Koechling, and Raibert 1991 . Despite variations from robot to robot, the control algorithms share a number of basic elements, including a symmetry principle used for balance, decomposition of the control algorithms into separate parts for regulating hopping height, forward speed, and trunk posture, and the use of elastic energy storage in the legs. We adapted these robot control algorithms for use in computer animation of a biped robot that runs, gallops, and follows simple paths, a quadruped robot that trots, bounds, and gallops, and turns, a planar one-legged kangaroo that hops , and a planar ostrich that runs (Borvansky 1991). for animation. The user provides the control system with information about the desired behavior, such as speed, gait, path, etc. The user also initializes the legged model by placing it in a particular state. Once the animation is started, the control algorithms are responsible for stabilizing posture, maintaining the locomotion cycle, controling speed and direction of travel, and regulating the behavior of the joints. Because the control system coordinates the lower levels of behavior, the user does not specify the joint torques or the details of the actual movements. The three models used in this paper are shown in Fig. 1 . Two of the models are patterned after physical robots that we built and use for laboratory experiments. One robot model is of a biped with telescoping legs and ball-joint hips. The other robot model is of a quadruped with telescoping legs and gimbal hips. The third model is a simplified version of a kangaroo.
It is simplified in that it is planar, has one leg and arm instead of two, and it has fewer tail links than the animal. Each creature is modeled as a tree of rigid bodies connected by rotary or sliding joints.
The mass, mass center, and inertia tensor for each body are parameters that define the creature.
Equations of motion were generated with a commercial dynamic modeling program (Rosenthal and Sherman 1986 ). The equations of motion were numerically integrated using Euler's method, with 
Control
The control systems used to generate the maneuvers described in this paper were developed by modifying controls used previously to generate normal running. Briefly, the control of normal running performs three basic functions • it causes the legs to step, exchanging support ,
• it regulates the running speed , and
• it maintains the body in an upright posture.
These three functions are broken down further into a set of action units. Another element of the control is a finite state machine used to synchronize the action units to the animated behavior, to track the ongoing behavior of the model, and to do some bookkeeping.
Transitions between states generally occur when sensory information indicates that a threshold has been crossed or an event has occurred. The state machine is designed so that there is a state transition at the beginning and end of the period during which each action unit should be active, and the various action units are turned off and on by the state transitions. State machines for steady running loop on themselves, whereas those for maneuvers generally have a fixed number of states, with each one executed just once. There was also a mechanism that allowed switching between state machines.
Kangaroo jump
The kangaroo jump is not very different from the kangaroo's normal hop. It is different in that We designed the animated jump by observing the motion of a real kangaroo jumping over a fence, as depicted in the videotape "Animal Olympians" (Boswell 1981) . The characteristics we found most notable and tried to copy were :
• Prepare for jump : the legs compress more than normal. The back arches, arms swing back, and tail swings down more than normal.
• Thrust for the jump : The leg joints each extend to make the leg very nearly straight at lift-off.
The arms are thrown forward and up, and the back is hyper extended. transitions, one from bounding to trotting (t =2 s) and one from trotting to bounding (t=7.95s).
• Ascent of jump : The knee bends, swinging the leg back to provide clearance.
The ankle flexes to about 90 degrees, (presumably because of multi-joint muscles.) The back is maintained in the hyperextended state, with the arms forward.
• We cheated by positioning the fence after the jump was simulated.
Somersault
The forward somersault is a gymnastic maneuver in which the performer runs forward, springs off the ground with both feet, tucks the arms and legs once airborne to increase the rotation rate, rotates the body forward through 360 degrees, untucks, and lands in a balanced posture on one or both feet. Human gymnasts can do a forward somersault as an isolated maneuver or as part of a floor routine in which the somersault is preceded and followed by locomotion or other maneuvers.
A simplified version of the state machine is given in Fig. 8 . A more complete discussion of the mechanics of the somersault is given by Playter and Raibert (1992) .
To control a biped robot somersault we modified three steps in an otherwise normal running sequence. We created a "hurdle step" that prepares for the maneuver by increasing the bounce in the step, a "somersault step" in which the jump and rotation are initiated, and a "landing step" in which the extra linear and angular energies are dissipated.
Loosely speaking, these steps can be thought of as "g et ready", "do", and "recover".
Several new action units were introduced to implement these three modified steps. 
8.Gait Transitions
Trotting is a gait that uses diagonal pairs of legs for support, and that alternates on each step from one diagonal pair to the other. Bounding is a gait that uses the front two legs as a supporting pair and the rear two legs as a supporting pair, again with an alternation from one pair of legs to the other on each step. To execute transitions betwen these gaits, we looked for a place in the running cycle where the two gaits have similar behavior. During the flight phase there is one primary difference between the two gaits-there is substantial angular momentum of the trunk about the pitch axis in bounding, whereas the trunk remains level in trotting.
Our strategy for executing gait transitions between trotting and bounding was to introduce a transition step during which the angular momentum of the trunk could be adjusted as required.
The transition step for trot-to-bound transitions employs one additional action unit, which initiates the pitch oscillation found in bounding. This function is accomplished by thrusting harder with the front leg than the rear leg during the stance phase. Data recorded during both kinds of gait transitionn are shown in Fig. 10 .
9.Discussion
This paper explores the proposition that creature animation can be partially automated by designing control systems that interact with physical models.
The physical model ensures that the resulting motions are physically realistic. In this paradigm, the animator specifies relatively high-level desired behavior, and the control system generates detailed actuator control signals that produce approximations to the desired behavior. We used this approach to animate three maneuvers : a planar onelegged kangaroo jump, a biped somersault, and two quadruped gait transitions, in addition to a variety of steady state locomotion .
A control system that merely tracks a trajectory in joint space is of little use in computer animation.
The real problem is to transform high-level specifications of desired behavior into a set of controls that drive the actuators of the system, usually located at the joints. We approach the problem of designing such control systems by introducing the concept of the action unit, a control element that helps bridge the gap between high-level desiredd behavior and low-level joint control.
Although action units seem to simplify the control system design process, they also raise many 
